Poultry meat represents the primary source of Campylobacter-associated foodborne illness. Current methods set forth by USDA-FSIS for qualitative detection of Campylobacter from poultry involve selective enrichment to enhance recovery of cells. Due to the time and expense associated with these methods, there is a demand for more effective and economical methods of analysis. This research was conducted in efforts to optimize selective enrichment of Campylobacter, while reducing time and cost associated with detection. The objectives of this study were to optimize selective enrichment of Campylobacter by evaluating growth of Campylobacter jejuni throughout 48 h in various modified enrichment media, and to compare detection of Campylobacter from poultry rinse samples after enrichment in optimized media. Growth of C. jejuni in Brucella-Fructose-1, 6-bisphosphate (FBP) was improved (P ≤ 0.05) at 12, 24, and 48 hours. Evaluation of modified Brucella broth demonstrated improved growth (P ≤ 0.05) of C. jejuni at both 12 h and 48 h compared to Bolton's enrichment broth base incorporated with inhibitors. Enrichment of poultry rinse samples in modified Brucella for 12 h also showed improved detection (P ≤ 0.05) of natural levels of Campylobacter on carcasses compared to enrichment in blood-free Bolton's enrichment broth. Finally, cost analysis revealed that preparing one liter of modified Brucella medium can prove more economical without impacting recovery. The results of this study provide the industry with improved methods for enrichment and detection of Campylobacter, while also reducing the cost associated with analysis.
Nearly 9 billion chickens are produced in United States each year, and chicken is the most consumed protein source in the American diet [3] . Due to the low infective dose and high pathogenicity of Campylobacter, poultry products may pose a serious health concern for consumers if mishandled or not cooked thoroughly. To aid in the prevention of Campylobacterassociated foodborne illness, the USDA requires poultry sampled at processing facilities to be below 10.4% positive to meet the current performance standards established for Campylobacter [4] .
USDA requires sampling of Campylobacter and the current protocol to determine prevalence uses a quantitative method. Qualitative methodology, which requires enrichment of samples to detect low levels of contamination, is used for internal analysis. Isolation of Campylobacter from foods can be difficult, since smaller populations of these bacteria may be present along with high levels of competing organisms [5] . Therefore, selective enrichment of target organisms is often required for detection, and has been shown to increase sensitivity for recovery of Campylobacter spp. compared to direct plating on selective growth media [6] . For qualitative analysis Campylobacter samples must be enriched for approximately 48 h, followed by direct plating on selective growth media, before incubation for an additional 48 hours. The current time required for detection of Campylobacter is 96 h before further confirmation of colonies through phase contrast microscopy and latex agglutination.
Furthermore, the conditions for culturing Campylobacter are exacting. Campylobacter does not ferment carbohydrates and requires incubation in a microaerophilic atmosphere (5% O 2 , 10% CO 2 , and 85% N 2 ) for active growth of bacterial populations. In addition to essential growth factors, most media include additional ingredients that protect the bacteria from the toxic effects of substances that form in the presence of oxygen and light [7, 8] . Some of these ingredients include blood, haemin, charcoal, ferrous sulfate, sodium pyruvate, and sodium metabisulfite [9] . Media used to culture Campylobacter must likewise contain various antibiotics to inhibit the overgrowth of background microflora in or on the media. Typically, antibiotic supplements are the most costly components of the media. Typical enrichment media are Bolton's enrichment broth (BEB), which is supplemented with lysed horse blood, or blood-free Bolton's enrichment broth (BF-BEB), both of which include added antibiotics.
The materials required to generate a microaerophilic atmosphere for Campylobacter sampling can be very expensive. Recently, it has been indicated that supplementing media with a combination of organic acids can achieve aerobic growth of Campylobacter spp. [10] . Literature also reported that supplementing a basal broth with various concentrations (2.5, 5, or 7.5%) of beef extract supported aerobic growth of Campylobacter in media that was incubated for 48 or 72 h [11] . These alternative culture methods may alleviate cost and the requirement for materials necessary to create the microaerophilic atmosphere needed for Campylobacter growth, and they have shown efficacy with pure cultures. However, current literature is not clear about whether these techniques are practical for poultry rinse samples. Furthermore, the media evaluated in these previous studies were not supplemented with inhibitors, which are necessary to prevent overgrowth of background microflora that would outcompete natural levels of Campylobacter found on poultry carcasses. The time required for enrichment of Campylobacter was not reduced, and could actually take longer to achieve detectable levels. Additional research is necessary to apply these methods to industry, and to alleviate the modified atmosphere required to effectively detect Campylobacter from poultry.
Due to the amount of time necessary to achieve growth of Campylobacter, the time required for selective enrichment requires d to achieve complete analysis. These qualitative methods are time consuming and costly due to the requirement for selective supplements. Thus, there is a demand for effective and more economical methods of analysis that can satisfy challenging criteria, especially for companies testing a high volume of samples. By optimizing physical methods such as the enrichment of samples, the detection of Campylobacter may be enhanced and accomplished more rapidly than with other media that is currently used. Therefore, the current research was conducted to optimize selective enrichment of Campylobacter, and reduce the time and cost associated with qualitative analysis. The specific objectives of this study were to optimize selective enrichment of Campylobacter by evaluating growth of Campylobacter jejuni throughout 48 h in various modified enrichment media, and to compare detection of Campylobacter from poultry rinse samples after enrichment in optimized media.
MATERIALS AND METHODS

Bacterial Culture Preparation
Tubes containing 9 mL of Brucella-Fructose-1, 6-bisphosphate (FBP) [12] broth were inoculated with one mL of C. jejuni stock prepared from frozen culture that was derived from the poultry farm at Auburn University and incubated for 24 h at 42
• C in an Anaero-Jar [13] containing a CampyGen TM sachet [13] to generate a microaerophilic mixture of 5% O 2 , 10% CO 2 , and 85% N 2 . The culture was streaked for isolation onto modified charcoal cefoperazone deoxycholate agar (mCCDA) [12] and incubated at 42
• C for 48 h in microaerophilic conditions as previously described. One colony of Campylobacter jejuni was removed from the agar and inoculated into Brucella-FBP broth and further incubated for 24 h at 42
• C to generate an approximate 6-log CFU/mL suspension. Campylobacter cultures were confirmed via phase contrast microscopy.
Lower concentrations of C. jejuni were obtained by serially diluting individual bacterial suspensions. High and low concentrations of C. jejuni on chicken carcasses were obtained by inoculating the carcasses of the birds with 5 log CFU/mL and 2 log CFU/mL suspensions, respectively.
Selection of Media for Campylobacter Jejuni Growth
Campylobacter enrichment media evaluated throughout this study were selected based upon current USDA enrichment methodology, previous studies on culturing Campylobacter, and novel broth formulation in conjunction with the Neogen Corporation [14] . Blood-free Bolton's enrichment broth is used for enrichment of poultry rinse samples by USDA-FSIS for Campylobacter recovery [15] . Brucella broth with the FBP supplement (ferrous sulfate, sodium bisulfite, and sodium pyruvate) is often used to enrich C. jejuni and has demonstrated good growth in previous work with Campylobacter culture methods [16, 17, 18] . Furthermore, the FBP supplement is used to neutralize toxic effects of oxygen derivatives [7] to aid in improved Campylobacter recovery. Novel broth formulations were based upon identifying key nutrients and oxygen scavengers that satisfy the unique growth requirements of Campylobacter.
Modifications to these media were made to include inhibitors and organic salts necessary to inhibit background contaminants from poultry rinse samples and increase the aerotolerance of Campylobacter oxygen scavengers, respectively. Cefoperazone combined with amphotericin B comprise the CCDA supplement antibiotics. These particular inhibitors were selected to incorporate into the media, because of their inhibition of the background microflora that are typically found on post-chill poultry. Cefoperazone is used to suppress Gram (-) enteric flora, and has demonstrated increased selectivity compared to previous cephalosporins used [7] . Cefoperazone also is included in the majority of media for isolation of Campylobacter. Amphotericin B is used to suppress growth of yeast and fungal contaminants without impacting recovery of Campylobacter [19] . The particular organic salts (100 mM pyruvate and 50 mM fumarate) used in media formulation were selected based on their ability to scavenge oxygen in research demonstrating aerobic growth of Campylobacter spp. [10] .
Evaluation of Campylobacter Jejuni Growth in Enrichment Media
From stock cultures of approximately 6 log CFU/mL C. jejuni, serial dilutions were made and one mL was inoculated into 99 mL of various enrichment in sterile tissue culture flasks to achieve a starting concentration of approximately 2.5 log CFU/mL. Media evaluated throughout the experiment consisted of BF-BEB [12] incorporated with Bolton broth selective supplement [12] , Brucella-FBP, and several novel broth formulations included to optimize Campylobacter detection and reduce cost. These Table 1 . Composition of enrichment media used in the experiments.
Medium
Base Supplement
Brucella-FBP with inhibitors and organic salts formulations included an inhibitory broth formulation, Brucella-FBP with inhibitors (modified Brucella broth), Brucella-FBP with inhibitors and organic salts, Bolton's broth base with inhibitors, and Bolton's broth supplemented with inhibitors and organic salts as described in detail in Table 1 .
Enrichment media were incubated at 42
• C under microaerophilic (5% O 2 , 10% CO 2 , and 85% N 2 ) conditions to evaluate C. jejuni growth. Serial dilutions were performed on each sample using buffered peptone water (BPW) [12] and spread plated in duplicate onto mCCDA at zero, 12, 24, and 48 h for enumeration of C. jejuni. Plates were incubated at 42
• C for 48 h in a microaerophilic environment. Bacterial populations were converted to log values per mL.
Results are therefore reported as log colonyforming units per mL.
Qualitative Detection of Campylobacter from Poultry Rinse Samples
A total of 90 broiler carcasses was sampled (15 carcasses X 3 treatments X 2 replications). During each replication, 45 carcasses were commercially obtained the d of sampling. Thirty carcasses per replication were inoculated on the skin of the breast portion of the carcass with 1 mL of C. jejuni, since this is the most likely origin of contamination (2 populations: high [5 log CFU/mL] or low [2 log CFU/mL] in each of 2 trials). These inoculum concentrations were used to give a better idea of efficacy of the media when contamination may occur at different variations. For both the high and low inoculum treatments, the birds were allowed to sit for 30 min after inoculation to ensure the adequate contact time needed for bacterial attachment prior to rinsing. Additionally, 15 carcasses per replication were sampled for background Campylobacter that may be found on post-chill broiler carcasses in a commercial processing plant.
Individual birds were placed into a sterile rinse bag and rinsed according to the USDA whole-carcass rinse method with 200 mL of BPW for one minute. The USDA methods described in the Microbiological Laboratory Guidebook for qualitative analysis of Campylobacter in poultry rinse samples were used for bacterial sampling and detection [15] . For each treatment 30 mL of the rinsate were transferred into 30 mL of double-strength (2X) BF-BEB or 2X modified Brucella broth in sterile whirl pack bags and incubated at 42
• C in a microaerophilic atmosphere using an Anaero-Jar [13] .
At 12 and 24 h of enrichment, samples from both enrichment media, from each bacterial treatment level, were serially diluted, and 0.1 mL of the diluents were spread onto mC-CDA and incubated for 48 h at 42
• C under microaerophilic conditions. Samples were analyzed for the presence or absence of Campylobacter. Isolated colonies representing each colony type typical for Campylobacter were confirmed by examining for corkscrew morphology and darting motility using phase contrast microscopy.
Statistical Analysis
Two replicates were conducted for the experiments. For enumeration of Campylobacter in enrichment media, bacterial counts were converted to log colony-forming units per mL. Campylobacter prevalence in carcass rinses was analyzed in a 3 × 2 factorial arrangement of bacterial level and media type by indicating positive samples with a 1, and negative samples with a 0. All data were reported as least square means and analyzed using the general linear model of SAS [20] . Pdiff was used to separate the means and significance was indicated by a P ≤ 0.05.
RESULTS AND DISCUSSION
Campylobacter Growth
The first objective of the study was to develop an optimized enrichment medium by identifying the ideal concentration of essential nutrients and oxygen scavengers that support Campylobacter growth characteristics. Based on research by Hinton [10] demonstrating aerobic growth of Campylobacter, growth evaluation of C. jejuni began with the aim to achieve aerobic growth in a shorter time span by optimizing current nutrients and oxygen scavengers in the enrichment media. To determine the potential for aerobic growth of C. jejuni in enrichment media, an inhibitory enrichment broth formulation was developed and evaluated in an aerobic environment. The inhibitory broth was comprised of basal media and supplemented with organic salts (50 mM fumarate and 100 mM pyruvate), which increased the aerotolerance of Campylobacter oxygen scavengers in addition to inhibitors (cefoperazone and amphotericin B) (Concentrations are listed in Table 1 ) necessary for inhibition of other microorganisms. However, aerobic growth of C. jejuni in this as well as addition of the same organic salts and inhibitors to existing media was inconsistent, and bacterial populations were no longer detectable by 12 h of incubation with lower populations that would typically be found on post-chill poultry meat (data not shown).
Campylobacter jejuni growth in various enrichment media incubated in a microaerophilic atmosphere (5% O 2 , 10% CO 2 , and 85% N 2 ) for 48 h was examined. Growth of C. jejuni cultured in enrichment media consisting of BF-BEB, Brucella-FBP, and the inhibitory enrichment broth formulated with essential growth factors and supplemented with 50 mM fumarate and 100 mM pyruvate as well as cefoperazone and amphotericin B inhibitory agents was evaluated for 48 h in a microaerophilic environment. Since USDA requires enrichment in BF-BEB, this medium was used for comparison in this growth trial. The starting concentration of C. jejuni was approximately 2.5 log CFU/mL for the growth trials.
Campylobacter jejuni populations in Brucella-FBP immediately entered exponential growth and demonstrated higher counts (P ≤ 0.05) at 12, 24, and 48 h when compared to BF-BEB, achieving a final concentration of 8.38 CFU/mL by 48 h of incubation. The inhibitory broth formulation resulted in a much slower growth rate of C. jejuni throughout 48 h with lower counts (P ≤ 0.05) at 12 and 24 h (Figure 1) . The difference in performance of these enrichment broths on growth could be due to the type of peptones or other ingredients used in the media. This study did not evaluate this performance based on the media; consequently, future research needs to evaluate this performance.
Evaluation of Media
Because Brucella-FBP broth demonstrated improved growth of C. jejuni throughout 48 h (Figure 1 ), modifications to this medium as well as to Bolton's broth base were evaluated (Figure 2 ). Brucella-FBP was modified to contain cefoperazone and amphotericin B inhibitory agents in order to suppress competitive organisms, which are necessary for isolation of Campylobacter spp. from chicken rinses. Cefoperazone was selected as an inhibitory agent that was used throughout the study since it is incorporated into the majority of Figure 1 . Growth of C. jejuni cultured in Brucella-FBP, blood-free Bolton's enrichment broth (BF-BEB), and inhibitory broth formulation under microaerophilic conditions for 48 h reported as mean log colony-forming units of C. jejuni per mL for each treatment. * Indicates difference (P ≤ 0.05) in C. jejuni counts compared to BF-BEB within 48 hours. Figure 2 . Growth of C. jejuni cultured in Brucella-FBP and Bolton's base broth incorporated with inhibitors (cefoperazone and amphotericin B) and organic salts (100 mM pyruvate and 50 mM fumarate) under microaerophilic conditions for 48 h reported as mean log colony-forming units of C. jejuni per mL for each treatment.
* Indicates difference (P ≤ 0.05) in C. jejuni counts compared to Brucella-FBP within 48 hours.
Campylobacter isolation media and has been reported to increase recovery of C. coli when substituted for Cephalothin [9] . Amphotericin B was likewise selected since it has often been used to replace cycloheximide in the preparation of Campylobacter enrichment broth, and has been reported to sufficiently suppress fungal growth without inhibiting the isolation of Campylobacter [19] . Bolton's broth also was evaluated with addition of cefoperazone and amphotericin B. Some antibiotics have been shown to be inhibitory to injured cells [21]; therefore, it was thought that recovery of Campylobacter may be improved by reducing the combination of antibiotics used while simultaneously reducing cost. Additionally, growth of C. jejuni populations in Brucella-FBP and Bolton's base incorporated with inhibitors and organic salts was evaluated.
When compared to Brucella-FBP enrichment broth, Brucella-FBP incorporated with inhibitors showed no differences (P > 0.05) in C. jejuni populations within 48 h of incubation and achieved a final concentration of 8.8 log CFU/mL. Brucella-FBP likewise resulted in higher C. jejuni counts (P ≤ 0.05) compared to Bolton's base with inhibitors at 12, 24, and 48 hours. However, when both the Brucella-FBP and Bolton's base with inhibitors were supplemented with organic salts, the lag phase of growth was extended resulting in lower populations (P ≤ 0.05) of C. jejuni at each sampling hour. While addition of organic salts at greater concentrations may be necessary to accomplish aerobic growth of Campylobacter spp. in enrichment media, they did not perform as well under microaerophilic conditions and resulted in a lower growth rate (P ≤ 0.05) at each sampling time compared to the same media without organic salts. Brucella-FBP and its modification provided the best results (P ≤ 0.05) in C. jejuni growth throughout 48 h (Figure 2) . The Brucella-FBP broth incorporated with the inhibitors (cefoperazone and amphotericin B) was subsequently renamed modified Brucella.
Evaluation of Media on Post-chill Chicken Carcasses
Evaluation of rinsates from post-chill carcasses permitted the methods in the current study to be analyzed for Campylobacter recovery from samples in which populations of competing organisms or injured cells may be present. Bloodfree Bolton's enrichment broth served as the standard broth for comparison, since BF-BEB is used by USDA for qualitative analysis of Campylobacter from poultry rinse samples [15] .
Campylobacter recovery after enrichment in both media was evaluated after 12 and 24 h of enrichment with incubation in a microaerophilic atmosphere. For both media, enrichment of inoculated samples with high (5 log CFU/mL) and low (2 log CFU/mL) levels showed no differences (P > 0.05) in Campylobacter prevalence on carcasses at 12 h or 24 hours. Following enrichment in modified Brucella broth and BF-BEB, all carcasses sampled were positive for Campylobacter (Table 2 ). When the prevalence of background Campylobacter on post-chill carcasses after enrichment for 12 h was evaluated, enrichment in modified Brucella broth showed a higher recovery (P ≤ 0.05) of Campylobacter with 96.7% prevalence compared to 86.7% after enrichment in BF-BEB (Table 2) . Furthermore, no differences (P > 0.05) in the recovery of background Campylobacter after 24 h of enrichment in modified Brucella (100%) and BF-BEB (96.7%) were found ( Table 2) .
Media have been demonstrated to impact the recovery and exclusion of competing organisms [22, 23, 24, 25] . Enrichment media evaluated for detection of Campylobacter from chicken in this study showed similar inhibition against background flora present in the chicken rinses tested; however, the BF-BEB contained the Bolton's selective supplement, which consisted of 4 antimicrobial compounds (vancomycin, cefoperazone, trimethoprim, and cycloheximide), whereas the modified Brucella was supplemented with only two antimicrobial compounds (cefoperazone and amphotericin B). Although background microflora are present on post-chill carcasses, microbial contamination is relatively low so a more highly selective media may not be required for enrichment of samples [23] .
Cost Analysis
In addition to assessment of Campylobacter growth performance and recovery in various media, a cost analysis of the modified Brucella and BF-BEB enrichment media was conducted ( Table 3 ). The total cost per liter of prepared BF-BEB was approximately 2.25 times more expensive than the total cost of the modified Brucella enrichment broth. For chicken rinse samples, this translates to approximately $0.75 more per sample. By selecting modified Brucella broth as an alternative to BF-BEB for enrichment of Campylobacter from rinse samples, there is a cost savings of 63%. For companies testing a high volume of samples, much expense could be eliminated by using modified Brucella. While the cost of the base for each broth is comparable, addition of the Bolton's selective supplement (which contains 4 antimicrobial compounds) resulted in increased cost associated with this selective media. For enrichment of chicken carcass rinses using USDA qualitative testing methodology, basal media and supplement addition should be prepared as double-strength, although this was not evaluated in the cost analysis (Table 3) .
CONCLUSIONS AND APPLICATIONS
1. Current aerobic growth of Campylobacter in enrichment media may not be practical for levels that are recovered from post-chill poultry meat, especially with regard to reducing detection time. 2. High concentrations of organic salts (fumarate and pyruvate) incorporated into enrichment media did not perform well in microaerophilic conditions, resulting in slower growth of C. jejuni throughout 48 hours. 3. Modified Brucella broth demonstrated better performance (P ≤ 0.05) on the growth rate of C. jejuni throughout 48 h, along with improved recovery (P ≤ 0.05) of background Campylobacter from chicken carcasses within 12 h of enrichment. 4. The use of modified Brucella for selective enrichment provides the poultry industry with a cost-effective alternative to current USDA methodology using BF-BEB for qualitative detection of Campylobacter from post-chill chicken by decreasing the time necessary to promote growth of Campylobacter and the expense associated with media. 5. This research indicates that qualitative analysis of post-chill chicken carcasses sampled from processing facilities could be revised to enrichment in modified Brucella broth for 12 h followed by either direct plating onto a selective agar and incubation in a microaerophilic environment, or with use of a rapid detection platform to reduce the total analysis time required for Campylobacter detection.
